We investigate the quantum confined Stark effect (QCSE) of various nanoparticles (NPs) on the single molecule level at room temperature. We tested 8 different NPs with different geometry, material composition and electronic structure, and measured their QCSE by single molecule spectroscopy. This study reveals that suppressing the Coulomb interaction force between electron and hole by asymmetric type-II interface is critical for an enhanced QCSE. For example, ZnSeCdS and CdSe(Te)-CdS-CdZnSe asymmetric nanorods (type-II) display respectively twice and more than three times larger QCSE than that of simple type-I nanorods (CdSe). In addition, wavelength blue-shift of QCSE and roughly linear Δλ-F (emission wavelength shift vs. the applied electric field) relation are observed for the type-II nanorods. Experimental results (Δλ-F or ΔE-F) are successfully reproduced by self-consistent quantum mechanical calculation. Intensity reduction in blue-shifted spectrum is also accounted for. Both calculations and experiments suggest that the magnitude of the QCSE is predominantly determined by the degree of initial charge separation in these structures.
INTRODUCTION
Quantum dots (QDs) or nano-rods (NRs) are nanometer-sized single crystal nanoparticles (NPs). As colloidal synthesis methods have evolved, better control over shape, composition, and chemical & physical characteristics of NPs has been achieved 1, 2, 3 . The distinct feature of semiconductor NPs is their unique optical property. Unlike bulk crystals, their absorption and emission spectrum can be finely tuned from the NIR to the near UV by changing their size via quantumconfinement and heterostructure compositions. Numerous applications such as quantum optics 4 , energy harvesting 5 , flat panel displays 6 and biological tagging 7 exploit these characteristics. In addition, high surface to volume ratio renders their electro-optical properties sensitive to their local environment. Therefore, they can be utilized as sensors for ions 8 , pH 9 , light intensity 10 , temperature 11 , stress 12 and surface charge 13 .
The possibility of using QDs and NRs for local electric field sensing has recently received an increased attention 14, 15 . It is well established that semiconductors' optical transitions are modulated by an external electric field 16 . This modulation is more pronounced when the electron-hole pair (exciton) is confined in a nanoscale structure, as manifested by the quantum confined Stark effect (QCSE) 
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To date, most QCSE measurements performed on colloidal NP's were done at cryogenic temperatures 14, 15 . This is due to: (i) short exciton lifetime (rapid ionization at room temperature), and (ii) spectral broadening due to surface charge fluctuation. The few room temperature studies 18, 19 were measured on the ensemble level.
In this study, we demonstrate that QCSE can be measured for single NPs at room temperature by averaging the spectrum (modulation single molecule spectroscopy   20 ). We examined QCSE responses of eight different samples. We also demonstrate wavelength blue-shift and emission intensity changes in asymmetric type-II NRs. Calculation successfully reproduce the experimental results, providing further insights to the observed phenomena. We investigated QCSE of eight different NPs having different geometry, composition and band alignment (Table 1) . Sample #1 and #2 are homogeneous CdSe NRs with different diameter × length dimensions (2.9 × 7.7nm for sample #1 and 4.2 × 43.4nm for sample #2). Sample #3 and #4 are CdSe QDs seeded CdS NRs with different rod lengths (2.7 × 12.8nm and 4.0 × 29.0nm, respectively). They are quasi-type-II band alignment since electron is delocalized, but hole is confined in CdSe region. Sample #5 and #6 are CdTe/CdSe core/shell QDs. Sample #5 has a 4.2nm core with 2-layer shell, and sample #6 has a 3.9nm core with 5-layer shell. 21 . Electron locates at CdSe region, but hole can be located at either Te dopant or CdZnSe region. Therefore it has two optical transition pathway (Table 1) . Spatially direct transition is from CdSe to Te dopant, having 730nm emission wavelength. Spatially indirect transition is from CdSe to CdZnSe with 630nm emission wavelength. Synthetic protocal for these NPs are presented in ref. 20 . In this study, we discuss only the type-II emission of sample #8 since the type-I emission shows smaller QCSE and its behavior (Δλ-F) is similar to the sample #1 or #2 (type-I). Modulation single molueclue spectroscopy is described in Figure 1 . We used the olympus IX71 inverted microscope equipped with a Xenon lamp (Olympus, U-LH75XEAPO, 75 W). Excitation filter is BP470/40 (Chroma Techonology Corp) and dichroic mirror is 505DCXRU (Chroma). Emission profile is spatially filtered by a slit in order to choose a single molecule emission, followed by Glan-Thompson prism (Thorlab) which selects a NR that aligned along the electric field direction. Finally, it is dispersed by dove prism (Thorlab) and detected by Andor iXon electron multiply (EM) charge coupled device (CCD) camera. Dispersed spectrum is calibrated by 532nm (DPGL-20P, World Star Tech), 594nm laser (25 LYP 173, Melles Griot) and 810nm LED (NT59-432, Edmund optics), by using quadratic fit. We applied a modulation pulse (zero to 400 kV/cm square wave with 5 Hz frequency) to the electrodes, and synchronized the camera acquisition at twice the frequency (10Hz) to capture both the voltage-on and voltage-off phases of the modulation period 20 .
MATERIAL AND METHODS

Description of NPs
Optical setup
Calculation
We used a home-written Matlab program for calculating and analyzing various aspects of NPs interacting with the electric field. The program is based on the finite difference method. A cylindrical symmetry was applied to achieve a full 3D calculation. The program yields the wavelength shift and the electron-hole overlap integral. We solved the Schrödinger eqation with effective mass and separate particle wavefunctions. We also included the dielectric confinement effect 22 and iteratively solved the coupled Poisson-Schrödinger equations until the calculation converged self-consistantly. Calculation details are explained in ref. 20 . We used 1D calculation to obtain the Auger lifetime (in order to reduce the computational effort). We solved the Fermi's golden rule and the two band K·P method with the twoparticle wavefunction 23 which required ×2 mesh points than separate particle wavefunctions. We did not apply dielectric confinement effects or self-consistency for the latter case.
More detailed explanation of colloidal syntheses, sample preparation and data analysis can be found in ref. 20 . We tested NPs' QCSE at room temperature with single molecule voltage-modulation spectroscopy 20 , alternating the applied field from zero to 400kV/cm and acquiring the data with an EMCCD camera that was synchronized with the modulation. Data obtained from 100~150 modulation periods was thresholded and averaged to yield the averaged spectra shown in Figure 2 , which shows QCSE shifts for sample #2 and sample #8. Comparing voltage-off (dots) and voltage-on (squares) spectra, these samples exhibit clear Stark shifts as manifested by wavelength red-shifts, spectral broadenings and reductions in emission intensities. Sample #2 displayed 2.1nm wavelength red-shift (as judged by 7 th order polynomial fit), 3.8% peak intensity reduction (ΔI peak ) and 3.4% increase in full-width half maximum (FWHM). Sample #8 displayed 12.8 nm wavelength red-shift, 45.6% peak intensity reduction, and 16.6 % increase in FWHM. These values are ×6, ×12, and ×4.9 larger than the corresponding changes in sample #2. To better understand the dependence of the QCSE on NPs' geometry, composition and electronic structure, we investigate eight different samples, listed in Table 1 . They are of either type-I or type-II band alignment, homostructures or heterostructures, and of either sphere or rod shapes. We examined more than 50NPs for each samples to obtain statistically meaningful data. The results are summarized in Table 2 . . Similar QCSE wavelength blue-shift was previously observed for epitaxially grown type-II quantum well 24 . Excited charges in an asymmetric type-II heterostructure will tend to separate into the opposite ends of the nanorod due to the broken symmetry in the energy band alignment. An applied electric field in one direction will tend to separate the charges even further away from the interface (resulting in an enhanced red shift); An applied electric field in the opposite direction will tend to 'push' the charges towards the interface; (resulting in triangular potential wells for both conduction and valence bands that lead to a blue shift). 26 NPs displayed intensity decreases that accompanied the blue shift (as the example in Figure 3b ). According to the Fermi's golden rule, the emission intensity is proportional to the overlap integral between the electron's and the hole's wavefunctions. The overlap integral should increase when the applied field 'pushes' the two wavefunctions towards the hetero-interface, as in the case of Figure 3a . However, in some cases, blue shift is accompanied by an intensity decrease, as in Figure 3b . We speculate that this could be due traps or Auger recombination.
Field dependence of QCSE
Figure 4. Field-dependent QCSE of single NP. Sample #2 (squares), #4 (dots), #6 (triangles), #7 (down triangles), #8(left triangles).
Traditional QCSE exhibits a quadratic dependence of the wavelength shift with respect to the applied electric field (Δλ-F) 14 . This behavior is expected for a homostructures, and is accounted for by the polarizability. We expect, however, a change in this dependence due to the appearance of the blue-shift in asymmetric type-II NRs. We therefore studied the Δλ-F dependencies for all samples (#1 -#8) by varying electric field from -400kV/cm to +400kV/cm in 100kV/cm increments. Figure 4 shows representative field-dependent QCSE results for sample #2, #4, #6, #7 and #8. In agreement with previous experiments 14 , sample #2 displays a quadratic Δλ-F dependence due to the symmetric geometry (and energy structure). By fitting this curve, we could extract the polarizability of sample #2, which is 2.20×10 5 Å 3 (as compared to 2.38×10 5 Å 3 in ref. 14) . Sample #4 displays an asymmetric Δλ-F as reported in ref 25 (due the asymmetric location of the core along the rod). Sample #6 displays a quadratic Δλ-F as well due to its symmetric geometry (it exhibits a smaller Δλmax than sample #2 due its smaller volume). Δλ-F is roughly linear for samples #7 and #8 since they exhibit both red-and blue-shifts as discussed above.
Proc. of SPIE Vol. 8595 859518-6 Simulation results Figure 5 . Calculations of (a) QCSE field-dependencies for sample #2 (squares), #4 (dots), #6 (triangles), #7 (down triangles), #8 (left triangles) and (b) the overlap integral for the same samples.
To gain further insight into the experimental results, we solved the coupled Schrödinger-Poisson equations selfconsistently using the effective-mass approximation (detailed information about these calculations can be found in the Material and Method section of ref. 20) . Figure 5 shows the results of these calculations as plots of the wavelength shifts ( Figure 5a ) and overlap integrals (Figure 5b ) versus the applied field, for the various simulated samples. Simulated Δλ-F curves show quadratic behavior for sample #2 and #6; asymmetric Δλ-F for sample #4; and roughly linear Δλ-F for sample #7 and #8. Larger discrepancies between calculation ( Figure 5a ) and experiment ( Figure 4 ) are found for samples #7 and #8 as compared to the rest. Experimentally derived Δλmax red-shifts for these samples are 6.6nm and 9.1nm respectively (Figure 4 ), which are smaller than the calculated values (12.4nm and 15.5nm, respectively). This could be the result of NRs not perfectly aligned with the applied field direction. If we include in the model the NR's orientation as a free parameter (the angle between NR's long axis and the direction of the applied field), the calculations match well the experimental results 20 . The calculations also match well the maximum Δλ values. The overlap integral between the electron's and hole's wavefunctions was also calculated and plotted vs the applied electric field. Figure 5b suggests that the exciton is not fully separated for sample #2 (8% reduction in overlap integral). Asymmetry is also found in the overlap integral for sample #4. It has a sharp drop (17%) between 300 and 400kV/cm, a field strength at which the exciton is likely to be ionized. Sample #6 shows only a very small Δλ of 1.5nm (Figure 5a ). The corresponding overlap integral in Figure 5b indicates that charge particles have no freedom to move, so their response to the electric field is small. Sample #7 and #8 exhibit very low overlap (<0.01) even at zero field due to the very effective charge separation in these structures. Due to this large separation, the Coulomb force is reduced between the charges, resulting in a large response to the applied electric field (Figure 5a ). The calculations also confirm the close to linear Δλ-F relation for these samples (Figure 5a ).
The intensity reduction in the blue-shifted spectrum of NPs of samples #7 and #8 is puzzling. A blue shift means that the electron and hole wavefunctions are pushed against the interface. The overlap integral and the emission intensity should therefore increase, not decrease! A possible explanation for this observation could be the Auger recombination process, which is the main contributor of nonradiative recombination in the NPs. The electron (or hole) transfers its energy to a spectator electron (or hole), and then recombines with a hole (or electron). Therefore, the spectator particle has excess energy and momentum (high k). According to the Fermi's golden rule, the probability for this transition becomes large when the initial wavefunction also has high momentum (or k) components 23 . This is achieved when the initial wavefunction is narrow in shape (Figure 6a ). In contrast, Auger rate can be suppressed in structures with graded shells, as was experimentally demonstrated 26 . A previously published theoretical work 23 demonstrated that the Auger lifetime could become 2~3 order magnitude longer in graded shell structures (as compared to the standard core/shell QDs). Under electrical field-modulation, the carriers' wavefunctions are narrowed when they are pushed against the type-II interface (due to triangular potential wells for both bands). This wavefunction narrowing could lead to an enhanced Auger recombination rate and therefore reduction in emission intensity. To demonstrate this point, Auger recombination rates were calculated with two-bands K·P theory using the finite difference method in one dimension. For simplicity, self-consistency and dielectric mismatch effects were excluded for this calculation. The sample was simulated as two cascaded 1D quantum wells of ZnSe (10nm) and CdS (20nm) (Figure 6b ). Figure 6b plots the Auger rates as function of the applied electric field. When the electron and the hole are pushed against the type-II interface at negative field values, a spectral blue-shift is resulted in. When the electron and the hole are pulled away from the interface (and from each other) at positive field values, a spectral red-shift is resulted in. Sweeping the voltage from -400kV/cm to +400kV/cm changes the Auger rates from 3.1 × 10 11 s -1 to 8.5 × 10 6 s -1 . These values might be somewhat over estimated due to the approximations mentioned above, but they do provide an explanation for intensity reduction that is associated with the blue-shift. Future fluorescence lifetime measurements under field modulation could shed more light on this observation. We successfully measured the QCSE of eight different NPs formulations at room temperature. These various NPs exhibit different QCSE responses. For instance, Δλ is as low as 3.1nm for spherical core/shell QDs and as high as 13.1 for type-II NRs (at an applied field of 400kV/cm). Δλ-F dependence is quadratic for homostructured NRs (sample #2) and core/shell QDs (sample #6), but roughly linear for asymmetric type-II NRs (sample #7 and #8). Δλ-F of sample #4 displays a behavior which is in between quadratic and linear due to the asymmetric localization of the CdSe core. These different behaviors are mainly due to the different electronic structures, shapes, and compositions of the NPs. Type-I NRs (Sample #1 and #2) are homostructures and cylindrically symmetric. While type-II band alignment promotes charge separation, type-I band alignment restricts charge carriers to the same small volume, leading to a strong Coulomb interaction and a large overlap integral. This is why the long dimension of sample #2 does not contribute much to charge separation (Δλmax is 4.0nm for this sample). As reported earlier 14 , this sample exhibits quadratic Δλ-F due to its symmetry. Samples #3 and #4 are CdSe-CdS quasi-type-II NRs composed of CdSe QD seeds (with valence band energy minima) that are embedded in long CdS rods. The seeds are located close to one end for the NR. Due to this asymmetry, these samples exhibit larger wavelength shifts in one field direction than in the opposite direction ( Figure 4, 5 and ref.  25) . Overall, these samples exhibit slightly larger Δλ shifts as compared to type-I NRs due to the reduced Coulomb interaction in them (Figure 5b ). Type-II spherical core/shell QDs (samples #5 and #6) display very small shifts because their small physical dimensions are too small to support any charge separation (Δλmax = 3.1nm at 400kV/cm). They also display quadratic Δλ-F due to their symmetric structures. Samples #7 and #8 exhibit the largest QCSE shifts because their asymmetric type-II band alignment enhances charge separation and reduces Coulomb interaction between the charge carriers ( Figure 5b ). They exhibit large red-shifts (Δλ = 8.2nm and 13.1nm for the two samples respectively) and blue-shifts (Δλ = 7.1nm and 7.3nm respectively). The coexistence of both red-and blue-shifts in the same single NP results in roughly a linear Δλ-F relation (Figure 4 ).
Our observations indicate that elongating the NRs alone is not enough to increase the QCSE. Instead, reducing the overlap integral by a type-II interface is a more effective way to separate the charges and therefore to increase the effect. However, longer asymmetric type-II particles will separate charges more effectively than shorter ones (with the same composition; compare samples #5 and #6 with #7 and #8). Long NPs having a single type-II interface such as samples #7 and #8 allow for the reduction in the overlap integral and for further charge separation along their long axis. Because of their linear Δλ-F, they are also capable of detecting the field polarity. Lastly, the intensity reduction associated with wavelength blue-shift could be explained by modulation of Auger recombination rates by the field.
CONCLUSION
We studied QCSE of eight different NPs at room temperature. We found that the exciton is not fully ionized in type-I, quasi type-II and type-II core/shell NPs, leading to a small QCSE. On the other hand, asymmetric type-II NRs such as ZnSe-CdS and CdSe(Te)-CdS-CdZnSe are very effective in separating the charges and therefore display a large QCSE. They also exhibit close to linear Δλ-F that allows the determination of the field's direction (and not only its amplitude). Quantum calculations confirm that a reduction in the exciton binding energy in asymmetric type-II NPs is responsible for the enhanced QCSE. Such NPs could be used as local voltage (field) sensor on the nanoscale at room temperature.
